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Abstract Using microfluorescence in combination with image-
analysis techniques we monitored intracellular calcium ([Ca2+]i)
dynamics in mouse islets of Langerhans loaded with fura-2 and
recorded in vivo. [Ca2+]i oscillates in the glycaemias range 5^10
mM, the duration of the oscillations being directly proportional
to the blood glucose concentration. The analysis of different
areas within the same islet shows that [Ca2+]i oscillations are
synchronous throughout the islet. These results show that in vivo,
individual islets of Langerhans behave as a functional syncytium
and suggest the existence of secretory pulses of insulin. ß 2000
Federation of European Biochemical Societies. Published by
Elsevier Science B.V. All rights reserved.
Key words: Ca2 ; Pancreas; Oscillation; Micro£uorescence
1. Introduction
An increase in cytoplasmic calcium ([Ca2]i) in pancreatic
L-cells is a key step in glucose-induced insulin secretion [1]. In
isolated islets of Langerhans, at stimulatory glucose concen-
trations (above 7 mM) the calcium signal is oscillatory [2].
Such oscillations are originated by the bursting electrical pat-
tern [3^5] that L-cells display when they are recorded within
the islet of Langerhans [6]. Each burst of electrical activity [7]
or calcium oscillation [8^10] is associated with a pulse of in-
sulin secretion [11,12].
The recording of the electrical activity of L-cells in islets of
Langerhans in vivo shows oscillations in the membrane po-
tential [13]. Interestingly, the slope of the electrical response is
maximal within the physiological range (5 to 8 mM) of blood
glucose concentration. Furthermore, the electrical activity of
di¡erent cells within the same islet is synchronous [14]. It is
therefore important to know whether the islets of Langerhans
in vivo also display oscillatory calcium signals and to study its
glucose dependence.
In the present study we have used £uorescent indicators
combined with image-analysis techniques to monitor [Ca2]i
in pancreatic islets of Langerhans in vivo. Our approach has
proved to be feasible, allowing the characterisation of calcium
signals that take place at near-physiological conditions. Such
signals seem to originate from oscillatory changes in mem-
brane potential.
2. Materials and methods
Albino mice (8^10 weeks old, 25^35 g weight), bred in our animal
house with free access to food and water, were used. Mice were
anaesthetised by intraperitoneal injection of 90 mg/kg Nembutal.
The degree of anaesthesia was checked periodically during the experi-
ment by exploration of the cutaneous re£exes. The experiments were
carried out according to institutional animal care guidelines.
The animal was laparotomised and the duodenal part of the pan-
creas dissected free from adherence. During the experiment the animal
was laid on its back on a heated bed maintained at 37‡C. The duo-
denal part of the pancreas was gently exteriorised on top of a small
£at platform covered by a layer of Sylgard and the area close to a
super¢cially located islet immobilised with microdissecting pins. In
this way, the preparation was isolated from respiratory and peristaltic
movements. The platform also ensured a homogeneous focus level
and was attached to a micromanipulator to allow precise positioning
[15]. The vena cava and the abdominal aorta were cannulated at their
most caudal parts for solution infusion and blood sample collection,
respectively. Blood samples (25 Wl) from the aorta were analysed for
glucose concentration by the glucose oxidase method using a Beck-
man glucose-analyser-2.
Intracellular calcium was measured by micro£uorimetric methods
combined with image-analysis techniques. The peritoneum and the
capsule of the islet [16] were penetrated with a patch-pipette ¢lled
with a solution containing (in mM): NaCl, 140; CaCl2, 2; MgCl2,
1; KCl, 5; HEPES, 20 (pH 7.4); fura-2 AM (100 WM) (Molecular
Probes, Eugene OR, USA). Pressure pulses of 1 s duration were de-
livered over a period of 10 to 15 min, with a 15 s recovery between
consecutive pulses. Loading of the extracellular space with the pipette
solution could be followed by the transitory swelling of the islet pro-
duced by the injection. In parallel experiments, we checked the time
course for the clearance of the dye lucifer yellow from the extracellu-
lar space of the islet, and found it to be less than 5 s. Before starting
the experiment, a period of 30 min was allowed for the complete
cleavage of the ester. In general, we found that the indicator was
poorly incorporated into the cells. The islets of Langerhans have a
substantial cholinergic innervation, making it possible for the choli-
nesterase activity to interfere with the AM loading of the cells. For
this reason we added the acetyl-cholinesterase inhibitor neostigmine
(2 WM) to the pipette solution, making the load signi¢cantly more
e⁄cient. In parallel experiments, we have checked the e¡ect of neo-
stigmine on the electrical activity recorded in vivo, a parameter related
to the calcium oscillations (see Section 4), and found that this chol-
inesterase inhibitor does not have a signi¢cant e¡ect. This approach
has been successfully used in other preparations to improve loading of
the AM form of £uorescent indicators [17].
For excitation of the dye we indirectly used the wavelength pairs
340/380 or 350/380 nm through a water immersion objective (Zeiss
Achroplan 40U NA = 0.75) mounted in an upright microscope (Zeiss
Axioskop). The £uorescence emitted at 510 nm was recorded by a
Hamamatsu C2400 intensi¢er/Dage 72 video camera [18]. In most
experiments, the average of eight images captured at each wavelength
was digitised at 8 bits resolution, stored ratioed and spatially analysed
using a MCID M4 System, Imaging Res., Ont., Canada.
Excitation of the loaded islets with ultraviolet light at low frequency
(one sample/2 min) caused the £uorescence to decrease by half in
about 30 min. In later experiments, the anion transport inhibitor
probenecid [19] was applied intraperitoneally 5 min before starting
to load. Under these conditions the dye retention was signi¢cantly
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improved, and after 60 min the islets retained 50% of their initial
£uorescence.
Calibration of the £uorescence signals in terms of [Ca2]i using a
standard in vitro calibration curve [20] was not possible due to un-
certainties about auto£uorescence and the behaviour of the indicator
inside the cell [21]. Consequently the records are presented as the ratio
of the two wavelengths.
3. Results
Fig. 1 (upper panel) shows images of an islet of Langerhans
loaded with the calcium indicator fura-2. Fig. 1A shows the
islet illuminated with visible light. Fig. 1B,C show false-colour
£uorescence images at 340 and 380 nm and Fig. 1D the ratio
340/380. As can be seen, the £uorescence is circumscribed and
delimited by the periphery of the islet, with no signs of load-
ing in external zones. In most of the loaded islets, the £uo-
rescence was contained within the islet. Fig. 1B,C show that
the £uorescence is not homogeneously distributed within the
islet, being maximal at the periphery, mostly in the region
close to the injection point (lower left corner in this experi-
ment). The same uneven distribution of £uorescence has been
observed in isolated islets [6]. This e¡ect is probably due to
restricted di¡usion of fura-2 AM. Fig. 1D shows the ratio
340/380 which is relatively homogeneous. The lower panel
of Fig. 1 shows £uorescence oscillations recorded in an islet
of Langerhans in vivo. The blood glucose concentration mea-
sured initially was 7.0 mM. The £uorescence at 340 and 380
nm (middle and lower traces, respectively) shows the relative
magnitude of both signals. Despite relatively low levels of
£uorescence, the signals at each wavelength show oscillations
that are of opposite direction. Thus, at 340 nm each oscilla-
tion produces an increase in the £uorescence that is mirrored
by a decrease in the £uorescence at 380 nm (indicated by the
vertical dotted lines). The opposite direction of the changes
proves that the oscillations re£ect genuine changes in [Ca2]i.
The upper trace of the ¢gure shows the oscillations in the
ratio 340/380, which in this experiment have a frequency of
2.5/min. At blood glucose concentrations in the range 5^10
mM, the mean duration of these oscillations is 21.9 s
(S.E.M. þ 6.6, n = 18).
Work on isolated islets has shown that electrical activity is
synchronous in di¡erent cells within the same islet [22,23].
Such synchronicity results in [Ca2]i oscillations that occur
simultaneously through the islet [24,25]. Furthermore, the si-
multaneous recording of electrical activity from di¡erent cells
within the same islet of Langerhans in vivo also shows syn-
chronicity [14].
Fig. 2 shows the analysis of [Ca2]i oscillations in di¡erent
zones of an islet of Langerhans schematically represented in
the drawing. The analysed zones are those that show su⁄cient
£uorescence at the lower wavelength. The traces represent the
£uorescence ratio 340/380 nm. Every zone oscillates regularly
at a frequency close to 2 oscillations/min. Essentially the same
synchronic pattern was found in 38 islets from 25 animals. In
all islets, no asynchronic patterns were found in any of the
regions.
C
Fig. 1. Fluorescence of an islet of Langerhans in vivo loaded with
the calcium indicator fura-2. Upper panel: A: Image of the islet il-
luminated with visible light. B and C show false-colour images of
the islet illuminated at 340 nm (B) and 380 nm (C). Each image is
the average of four frames taken at 250 ms intervals. D: False-col-
our image of the ratio 340/380 nm. Lower panel: the upper trace
shows the ratio 340/380 nm and the middle and lower traces the
£uorescence at 340 and 380 nm, respectively. The vertical dotted
lines illustrate the correspondence of £uorescence changes at both
wavelengths. The continuous decrease in £uorescence at each single
wavelength (indicated by the dashed line) is mostly due to photo-
bleaching, as the decline in £uorescence is reduced when sampling
frequency was decreased (see Section 2).
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Fig. 3 shows the e¡ect of increasing blood glucose concen-
tration. The blood glucose concentration at the beginning of
recording was 5.15 mM. The di¡erent regions of the islet
oscillate synchronously. At the point indicated by the arrow,
25 Wl of glucose solution (250 mM) was injected as a single
bolus into the vena cava. This leads to a transient increase in
[Ca2]i that lasts for a few minutes, followed by the reappear-
ance of calcium oscillations. The [Ca2]i changes induced by
the increase in blood glucose occur synchronously throughout
the di¡erent zones of the islet that could be analysed. Essen-
tially the same synchronic increase in [Ca2]i, due to glucose
injection, was recorded in another 14 islets from nine di¡erent
animals.
The length of the depolarised phase of the oscillatory elec-
trical activity is directly proportional to the blood glucose
concentration both in vitro [3,4] and in vivo [13]. Fig. 4 shows
a plot of the relationship between the blood glucose concen-
tration and the relative duration of the [Ca2]i oscillations.
The duration of each oscillation was measured as the interval
between the half rise and half fall of the oscillation. The total
time was obtained as the sum of the peaks and troughs of the
oscillations. As can be seen, the relative duration of the oscil-
lations augment as blood glucose concentration increases (17
observations from 14 di¡erent animals). The continuous line
represents the ¢tting of the duration of the active phase of the
electrical activity with respect to blood glucose concentration
recorded in vivo (see Fig. 3 in [13]), and has been drawn for
comparison with the relative duration of [Ca2]i oscillations
recorded in vivo.
4. Discussion
The present results show that [Ca2]i in islets of Langerhans
recorded in vivo, oscillates at physiological blood glucose con-
centrations. One of the most interesting properties of these
oscillations is their synchronicity throughout the islet. Such
synchronicity is preserved when the islets are challenged
with sudden increases in blood glucose, suggesting that in
vivo, the islets of Langerhans are behaving as a functional
syncytium.
The characteristics of the [Ca2]i oscillations are compatible
with having originated from the oscillatory electrical pattern
of L-cells. This conclusion is based on the correlation between
electrical activity and [Ca2]i oscillations found in isolated
islets [6,8] and the correlation between blood glucose concen-
tration and electrical activity recorded in vivo [13] and the
[Ca2]i oscillations described here. The fact that electrical ac-
Fig. 2. Spatial analysis of the calcium oscillations in an islet of Lan-
gerhans. The zones depicted in the diagram correspond to the zone
of the islet with su⁄cient £uorescence at 340 nm. Consecutive im-
ages were taken every 3 s. The same synchronous oscillatory pattern
was obtained irrespective of the shape or area analysed.
Fig. 3. E¡ect of increasing blood glucose concentration on [Ca2]i.
At the time indicated by the arrow, 25 Wl of saline containing glu-
cose (250 mM) were injected as a single bolus into the vena cava.
Other details as in Fig. 2.
Fig. 4. Relationship between blood glucose concentration and the
relative duration of the [Ca2]i oscillations. The length of the oscil-
lations was measured as the interval between the half point of the
rising and the falling phases, and is expressed as a percentage with
respect to the total recording time. The continuous line represents
the function describing the relationship between blood glucose con-
centration and the relative duration of the depolarised phase in
membrane potential recorded in vivo (see Fig. 3 in [13]).
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tivity is synchronous in di¡erent L-cells from the same islet of
Langerhans in vivo [14] and that [Ca2]i oscillations are ho-
mogeneous, reinforces such a conclusion. On the other hand,
manoeuvres that produce consistent changes in the electrical
activity, lead to the expected changes in [Ca2]i. Thus, an
increase in blood glucose leads to a transitory increase in
[Ca2]i. The time course for the rise in [Ca2]i is consistent
with the time course obtained in electrophysiological record-
ings in vivo [13]. Conversely, the decrease in blood glucose
concentration produced by the administration of insulin to an
animal with high blood glucose levels leads to the hyperpolar-
isation of the membrane potential [26] and the transition in
[Ca2]i from high levels to oscillations (data not shown). Tak-
en together, these results strongly suggest that [Ca2]i oscilla-
tions originate from synchronous electrical activity of L-cells
within the islet.
In isolated islets, the [Ca2]i oscillations lead to discrete
pulses of insulin release [8^12]. Therefore, our results permit
us to hypothesise that associated with every [Ca2]i oscillation
observed in vivo, there is a secretory pulse of insulin. If this is
the case, the insulin concentration in the islet of Langerhans
blood vessels should change at a frequency close to 2 oscilla-
tions/min at blood glucose concentrations close to 7 mM. It
has been shown that in vivo, the oscillations in the electrical
activity of di¡erent islets from the same pancreas are not
synchronous [14]. Therefore, the pulses in insulin secretion
produced by di¡erent islets may be out of phase. Work in
isolated islets has shown the existence of slow [Ca2]i oscilla-
tions with periods of several minutes, however, given the lim-
ited duration of our recordings we can not say if such oscil-
lations exist in vivo.
In conclusion, our results indicate that the use of conven-
tional micro£uorescence techniques allows the monitoring of
[Ca2]i dynamics in the endocrine pancreas of living animals.
At physiological blood glucose concentrations, the [Ca2]i sig-
nal in islets of Langerhans is oscillatory and synchronous
throughout the islet. Furthermore, the length and frequency
of the [Ca2]i signals, as well as its glucose-dependence, are
compatible with having originated from the electrical activity.
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